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ABSTRACT :

Flame tip height, width, and height to base of a lifted flame, formed by a ejected fuel gas
through a pipe of 1/8B, 1/4B, 3/8B, 1/2B, 3/4B, and 1B, were observed as a function of
dimensionless heat release rate. Fuel gas was supplied at the rate of 100¢/min, 200¢/min,
and 400¢/min. Pipe heights from the ground level were set at 200mm, 700mm, and
1700mm. Radiative heat fluxes were also measured at 0.1m, 0.27m, 0.71m, 1.1m, 1.27m,
1.71m, 1.9m, 2.9m from the pipe. Temperatures along the center line of the flame were
measured. Dimensionless flame height, Ha/D, and dimensionless flame width, W¢/D were
correlated well by 1/3 power of dimensionless heat release rate. Radiative heat fluxes to
the dummy vessel were also estimated using the view factor and center-line temperature.
Estimated radiative heat fluxes to the targets were compared with the measured ones and
good agreement between them was obtained. This implies that the view factor on radiative
heat flux to the target from a jet flame is useful to estimate the radiative heat flux to assess
the fire safety.
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1. Introduction

Fuel gas is supplied through piping networks in urban area but its suburbs propane
gas, as a fuel gas for house use, is supplied by vessels of 20~30kg. In order to get the
higher cost performance and lower consumption of labor in the delivery service, in other
words to get infrequent delivery service and lessen the numbers of vessels transported to
houses, it is planned to set a big volume vessel of 1500kg in house yard (or in basement)
and of which refuel will be made directly by connecting with a LPG bulk loll track.
However, the setting of a big vessel in house yard may have high potential of fire risk in
case of a neighbor fire occurred. Fire in neighbor may give radiative heat to the vessel and
which may result high pressure and ejection of fuel jet. Pressure reduction is designed by
the ejection of gas through a safety-pipe and bulb system so that jet flame will be
generated on/above the nozzle of the pipe and which may feed extra radiative heat to the
vessel and surroundings. It is demanded to assess the potential of radiative heat which may
be fed from the jet flame to the vessel. In the first series of the experiment, the semi-full
scale test had been carried out using a big vessel which was exposed to model fires (wood
crib fires). Temperatures of vessel surface and its atmosphere were measured, and also
function of a safety bulb for pressure reduction was verified [1]. In the second series of the
test, fire safety assessment of the big vessel was carried out. And a part of the second test,
basic information on a jet flame formed on a safety pipe is required, and we dealt with the
measurements and observations on jet flame height, flame width, height to the base of
lifted jet flame from a pipe, and radiative heat flux to the dummy vessel.
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2. Experimental Procedure
2-1. Piping and Experimental system

Figure 1 shows the outline of the layout of experiments. Fuel gas was let into the
system through pressure reducers and valve system controlling the supply rate of 100¢/min,
200¢/min, and 400¢/min. The final flow rate of the piping system was monitored by a mass
flow meter every 10sec. Nozzle height were adjusted at 200mm, 700mm, and 1700mm
high from the grand level. Fuel gas supply rates, pipe size with mm@®, nozzle height and
dimensionless heat release rate designed are shown in Table 1.

2-2. Measurements and Observations

Temperatures in the ejected flame were measured along the center at 1m, 2m, 3m,
4m, 5Sm, 6m, and 7m high from the ground level. Radiation heat flux meters were set at
0.1m, 0.27m, 0.71m, 1.1m, 1.27m, 1.71m, 1.9m, and 2.9m apart from the center of a pipe.
Two sets of video system, focusing from North and East, were used for recordings of the
flame images.

Table 1  Experimental Conditions

Experiment| Fuel Flow Rate Bore Size Nozzle Height Q*
Number (¢/min) (mm) (mm) (=)
1 100 1/8B, 6.5mm 700 3.99x10%
2 200 —180—160 { 1/8B, 6.5mm 700 6.39 x10*
3 100 3/8B, 12.7mm 700 7.48 x10°
4 200 3/8B, 12.7mm 700 1.50 x10*
5 300 3/8B, 12.7mm 700 2.25 x10*
6 400 3/8B, 12.7mm 700 2.99 x10*
7 100 1B, 27.6mm 700 1.07x10°
8 200 1B, 27.6mm 700 2.15x10°
9 400 1B, 27.6mm 700 4.30 x10°
10 400 1/4B, 9.2mm 200 6.70 x10°
11 200 1/4B, 9.2mm 200 3.35 x10*
12 100 1/4B, 9.2mm 200 1.68 x10*
13 400 3/8B, 12.7mm 200 - 2.99 x10*
14 200 3/8B, 12.7mm 200 1.50 x10*
15 100 1/2B, 16.1mm 200 4.14 x10°
16 200 1/2B, 16.1mm 200 8.27 x10°
17 400 1/2B, 16.1mm 200 1.65 x10*
18 400 1B, 27.6mm 200 4.30 x10°
19 400 3/4B, 21.6mm 200 7.93 x10°
20 200 3/4B, 21.6mm 200 3.97 x10°
21 100 1/8B, 6.5mm 1700 3.99 x107
22 400 1/4B, 9.2mm 1700 6.70 x10°
23 200 1/4B, 9.2mm 1700 3.35 x10*
24 100 1/4B, 9.2mm 1700 1.68 x10*
25 400 3/8B, 12.7mm 1700 2.99 x10°
26 200 3/8B, 12.7mm 1700 1.50 x10*
27 400 1/2B, 16.1mm 1700 1.65 x10*
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28 200 1/2B, 16.lmm 1700 827 x10°
29 400 3/4B, 21.6mm 1700 7.93 x10°
30 200 3/4B, 21.6mm 1700 3.97 x10°
31 400 1B, 27.6mm 1700 4.30 x10°

* In the test #2, gas supply rate was changed 200¢/min to 160¢/min with the changing rate
of 20l/min to observe the blow-off of the flame.

Pressure Gage

L=l
Jet Flame
Reducer
Pressure sensor * Pressure Gage
_Q'_ Header ' :,?
Hot Bath Mass Flow Meter Dummy Bomb
Fuel Bomb

Figure 1 Outline of the experimental sets. Fuel gas vessels are set outside of the
facility. Temperatures along a jet flame and on the surface of the dummy vessel were
measured by sheathed K-type thermocouples. Radiation meters were set on the same
level of the dummy vessel.

3. Results and Discussion
3-1. Flame Height and Width

Flame tip heights, Ha, were estimated from 90 successive images and are shown
representatively in Figure 2 by a rigid line. In this case about 600kW (400¢/min) flame
from 1/4B pipe was used, and the averaged flame tip height estimated was 3.04m with its
maximum and minimum heights of 3.43m and 2.75m, respectively. The difference
between highest and lowest flame tip height was about 0.6m and of which standard
deviation was about 10% of the full flame length. The flame widths, Wy, were estimated
from the same images and are superimposed representatively in Figure 2 by a broken line.
Standard deviation for Wy is about 20% and the fluctuation in both height and width of the
flame is almost coincided with each other as shown in Figure 2. Average flame tip height,
Ha, was normalized by pipe size, D, and are obtained in the dimensionless flame height of
Ha/D. Figure 3 shows the logarithmic plots of dimensionless flame tip height, Ha/D, as a

function of dimensionless heat release rateQ‘=Q/ pQ)AT\/—gT)DZ. [4] The figure indicates the

relation of Ha/D = 9.61-Q*' for higher flame height, Ha/D = 6.69-Q*"” for lower flame
height, and Ha/D = 8.14-Q*' for average jet flame height for the range of Q* of 10°~
6.7x10" based on the tests. The number of power, 1/3, for the relation is greater than that
0.23 which is reported by McCaffrey [2].

Flame widths, Wy, were also estimated and averaged based on 90 images and which
was normalized by D as Wy/D. Figure 4 shows the relation of dimensionless flame width
and Q* in logarithmic scale. This figure shows W¢/D increased with the increase of Q*"
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and is expressed by Wy/D = 1.92.Q*1?, Figures 3 and 4 indicate that the characteristic
flame Iength, both height and width, grows with Q*"”,
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Figure 2 Typical time histories of flame tip height and its width. In this case,
propane gas as a fuel was supplied at the rate of 4001/min from a 1/4B (0.92cm®)
pipe of which length was 200mm from the ground.

3-2. Height to the base of lifted flame, h

Some of the tests showed the lifted flames. When we gave 200¢/min and 180¢/min
to the 1/8B pipe, the lifted flame was observed once but it extinguished soon showing the
lifting flame. In the case of ejection velocity exceeded 250m/sec at the bore resulted in the
blow off of the flame. Except the test #2, we observed the stable flame with lifting. When
lifted flame was observed, the height from the opening of pipe to the base of lifted flame,
h, were estimated and averaged based on the 90 frames of successive images on the video
system. Averaged one was normalized by pipe diameter, giving a dimensionless lifted
height h/D, were plotted against Q*. Figure 5 shows the h/D as a function of Q* in log-log
scale, and which implies that /D increased with 3/5 power to Q* in he region of 10° ~ 10*
and is expressed empirically by h/D = 1.39x102.Q*3/5,

3-3. Excess Temperatures, AT, along the center line of a flame
In the lower region of a flame, (Ha/D)/Q**® < 2, excess temperature, AT, showed

almost constant of 850 - 950°C for the vertical direction. And AT decreased with Ha ™ (n=
-3/2 ~ -5/3) for the region of (Ha/D)/Q**" >2. These gradients are quite similar to the ones
obtained in the flame and plume in a diffusion flame as McCaffrey reported {3]. However,
decreasing mode for intermittent, (Z/Q*%), was not observed clearly in our tests as shown
in Figure 6. Decreasing modes for vertical direction along the center line were
characterized into two regions and are expressed by empirical equations as,

AT = o-(Ha/DY/Q***)**2 where a=1600 °C for (Ha/D)/Q*¥* > 2 and

AT =850 ~ 950°C for lower flame region of “the base of flame” < (Ha/D)/Q*** < 2.
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Figure 3 Logarithmic plots of dimensionless flame height, Ha/D, as a function of
dimensionless heat release rate Q: with gradient of 1/3.
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Figure 4 Dimensionless flame width, W¢D, as a function of dimensionless heat
release rate Q*. Wy/D increased with 1/3 power of Q*.
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3-4. Radiation Heat Flux

Figure 7 shows the typical distribution profiles of radiation heat flux for horizontal
direction with pipe heights of 200mm, 700mm, and 1700mm. It is clearly observed that
distribution of radiation heat flux showed flat in the near region from the pipe and then
decayed in the far region.

In order to estimate the radiation heat flux to the vessel, we adopted following
assumptions and two models for a jet flame to estimate the view factors between a flame

and a target.
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Figure 5 Dimensionless height
to the base of lifted flame, h/D,
are plotted against Q* when no
blow-off was observed.

Figure 6 Excess temperatures
along the center line of jet
flame are plotted against
normalized height by Q**°.
Vertical distribution of excess
temperatures  showed two
regions with no decreasing and
-3/2 ~ -5/3 power to the
dimensionless height.
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® Flame figure could be expressed by thin cylinder (including its bottom and of which
view factor was presented in a text[5]) or by thin cone (or trapezoid) piled up to the
average flame height, Ha, as shown in Figure 8-(a) and (b). Both models forms a
conical flame in total shape.

® Maximum diameter of each cylindrical or trapezoidal flame appeared at the height of
0.9Ha and was estimated as a function of Q* and D. Diameter at arbitrary height was
estimated based on the angle of flame jet which was determined by D at Ha and the
length to the base of the flame.

® Flame is translucent and its representative temperature at arbitrary heights can be
estimated by the empirical equation described along the center line.

Flow Rate : 100 L/min
Pipe Length : 700mm
Inner Diameter(cm) : 1/8B(0.065¢cm)
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Figure 7 Horizontal distribution of radiation heat flux to the targets measured and
calculated ones based on two models on jet flame figures illustrated in Figure 8-(a) and (b)

Figure 7 also shows the representative distribution of radiative heat flux calculated
based on the above flame models. This figure shows that the better coincidence was
obtained between the estimated values and measured one if we adopt the cylindrical flame
model than we adopt the trapezoidal model. The marginal part between flame and
atmosphere is turbulent so that flat inclined surface of the trapezoidal flame model gave
less radiation heat to the target.
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4. Conclusions ) ,

This work showed that the jet flame figures of height and width, and height to the
base of lifted flame can be predicted by the power function of dimensionless heat release
rate. ) o _ .

Excess temperature along the center line of the jet flame can be divided into two
regions; lower flame region, and upper flame region. In the lower flame region, AT
showed

24 P——=<{NG

L e B R R R R T T R

X

taking the lengths and angles in the above illustration,

R=,/(x—1r)’+z2

P= ‘/(X— r-cosy)2 +(rosiny)z +7?

= JX?+r? +Z* - 2Xr-cosy

(x-¥)

5 Z ' \/(D~—r~cosy)2 +2?
COSQO = cospp = — cCoOS(P =
R ’ R 7 P

the view factor F can be exp ressed as

F= cosO-cost 1S

s n-p?
_ j-scosa-cos::;ozsztp-coﬁds
2
=£‘J‘.,ZL; (X-—r)-cosyl;g();: r) +z=).ileZ
where |

€osO = cosy - cos - cos P
€ost = cos - cosf
dS=r-dy-dZ

Figure 8-(a) Cylinder model for a jet flame to estimate the view factor.
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almost constant of 850 ~ 950°C, and upper flame regions, AT decreased with -3/2 ~ -5/3
power to the height. This decreasing rate is similar to the plume region of a diffusion flame

from a pool fire. We observed no clear temperature decreasing mode of -1 power to height
for the intermittent region.

taking lengths and angles in the above illustration

.R=,/(x—r)2 +Z?

P= J(X— r-cosy)’ +(r-siny)’ +2°

= \/Xz +r*4+Z*-2Xr-cosy

Y ) .
X+ -s8in® 2 b
( Z D-r-cosy) +Z
cosa = tan® sy COSPp=—, COS(P=‘]( )

R R P
The view factor, F, between a trapezoidal flame part and a target

F=I cos()-cou!S
S n-P2

_ J' CoSCL- COSY -cos? q:-cosBdS
S n P2

Y 2 2
(X+ tanm)-cosy-((x—r) +Z )-Z

R2 -P4

2r (Z (=
= ?Io joz dy dZ
where
c0s0 = cosy-cosa - cosQ
cosi=cosQ-cosfP
dZ

dS =r-dy-—
sin®

Figure 8-(b) Cone model for a jet flame to estimate the view factor.
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It is important to note that the cylindrical flame piled up model, as shown in Figure
8-(a), indicates that the jet flame is translucent and has very turbulent marginal part
between flame and atmosphere. The representative flame temperature is well
approximated by the center line temperature. And the cylindrical flame model was better
than trapezoidal model to estimate the radiation heat flux to the vessel from a jet flame
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Nomenclature

D: bore size (m)

Ha: flame height from nozzle along the center line of a jet flame (m)
h: height to the base of lifted flame from bore (m)

AT: excess temperature from room temperature ( °C or K)

W;: width of jet flame (m)
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Discussion

Edward Zukoski: I’d like to make a comment and ask a question also. If the Q* parameter
works anywhere, it works for a buoyant diffusion flame. So if you want to compare some of
your data with other peoples, it might be better to look at Froude number scaling in the region
where momentum is dominating the flow. My question is: you mentioned that the velocity was
250 m/s at the nozzle exit, which sounds like the flow was super sonic.

Osami Sugawa: It was not a stable flame. Yes. It was supersonic for very short time.

Edward Zukoski: Because there are techniques for handling that. When the flow is supersonic,
you get a rapid expansion of the jet, and you get a different effective diameter for the jet flow.

Osami Sugawa: Yes.

Patrick Pagni: The delivery system you showed in your early slides currently exists in rural
United States such as Lake Tahoe. The standards there are 3 meters from the residence and 6
meters from the adjacent residence for a roughly one meter cubed propane tank at 80% full. A
comment and a question quickly. Your method is very interesting and I would very much like to
see a calculation of the radiation from a leak as your data show to the adjacent wall in the
conditions that exists in the typical US application. In our situation, the concern is not so much a
high pressure leak, but our experience is that the shifting of the tank in the snow creates a leak at
low pressure, at low flow, that allows the heavier-than-air propane to go down hill and form a
pocket that then explodes. Have you worried about that problem?

Osami Sugawa: Yes. I think that’s kind of a problem in Japan.
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